Automated methods, with and without cyanide (+CN and -CN), for whole blood hemoglobin (Hb) determination were evaluated on the Technicon H*l™ System. Both automated Hb methods were linear over the range 0-250 g/L (0-25 g/dL) and correlated well with the International Committee for Standardization of Hematology (ICSH) reference method and with the Coulter S+II®. Both methods quantitatively converted whole blood containing up to 100% carboxyhemoglobin in less than 24 seconds to their respective end products. With respect to abnormal samples (sickle cell anemia, multiple myeloma, and hyperlipemia), both H*l methods gave Hb results that were equivalent to the (postfiltration) ICSH method. For samples with white blood cell (WBC) counts less than 36 X 10 9 /L, the +CN method was equivalent to the (postfiltration) ICSH method, whereas for WBC counts greater than 20 X 10 9 /L, the -CN method showed acceptable recovery of the mean but unacceptable imprecision. For WBC counts of 36-164 X 10 9 /L, the +CN method yielded acceptable Hb recovery with unacceptable imprecision. Hyperlipemia, resulting from addition of Intralipid® directly to the blood samples, caused large errors in both H*l methods.
Automated methods, with and without cyanide (+CN and -CN), for whole blood hemoglobin (Hb) determination were evaluated on the Technicon H*l™ System. Both automated Hb methods were linear over the range 0-250 g/L (0-25 g/dL) and correlated well with the International Committee for Standardization of Hematology (ICSH) reference method and with the Coulter S+II®. Both methods quantitatively converted whole blood containing up to 100% carboxyhemoglobin in less than 24 seconds to their respective end products. With respect to abnormal samples (sickle cell anemia, multiple myeloma, and hyperlipemia), both H*l methods gave Hb results that were equivalent to the (postfiltration) ICSH method. For samples with white blood cell (WBC) counts less than 36 X 10 9 /L, the +CN method was equivalent to the (postfiltration) ICSH method, whereas for WBC counts greater than 20 X 10 9 /L, the -CN method showed acceptable recovery of the mean but unacceptable imprecision. For WBC counts of 36-164 X 10 9 /L, the +CN method yielded acceptable Hb recovery with unacceptable imprecision. Hyperlipemia, resulting from addition of Intralipid® directly to the blood samples, caused large errors in both H*l methods. (Key words: Hemoglobin methods: Cyanide-free; Cyanide-containing; Automated analyzer; Hematology) Am J Clin Pathol 1989;92: 286-294 THE MEASUREMENT of whole blood hemoglobin (Hb) is a clinical test frequently performed by automated methods. It is unique as the only routine spectrophotometric assay conducted on whole blood. Recent advances in high-throughout hematology analyzers (up to 83 samples per hour) have led to the need for Hb methods that reach completion in less than 30 seconds. Two Hb methods, CN-containing and CN-free (+CN and -CN), have been developed for the Technicon H* 1 ™ that are read out at 24 seconds but, in fact, reach completion in 3 and 15 seconds, respectively. In addition, these methods quantitatively convert carboxyhemoglobin (HbCO) in less than 24 seconds. 7 In contrast, the International Committee for Standardization of Hematology (ICSH) Manual Reference Hb Method requires 3-5 minutes to reach completion for normal samples and 30 minutes for samples containing HbCO. 19 The Coulter S® Hb assay is not affected by the presence of up to 100% HbCO. 1 In this article, the performances of the two H* 1 Hb methods were evaluated and compared with the ICSH method and the Coulter S+II®. Both H* 1 methods were found to correlate well with both the ICSH and Coulter S+II.
Current methods for both manual 1419 and automated whole blood Hb assays ' ,3,17 use cyanide as a reagent component. Cyanide is a toxic substance that poses risks to customers and reagent manufacturing, transportation, and disposal personnel. Consequently, one goal of this study was to develop a -CN Hb reagent that could perform in an equivalent manner compared with a +CN method on a high-throughput automated system. A second goal was to accelerate the conversion to end product in a machine cycle of less than approximately 45 seconds. Zander and colleagues reported on a manual -CN method, based on an alkaline reagent with a nonionic surfactant, which required 1-2 minutes to reach completion. They showed that normal blood and blood samples containing HbCO, fetal Hb, and sulf Hb converted to end product within 2 minutes. 20 Oshiro and associates disclosed a -C N method that used sodium dodecyl sulfate near neutral pH and required about 5 minutes to reach completion. 10 The large increase in reaction rate of the H* 1 methods compared with ICSH depends on the disruption of the Hb molecule and the extraction of a ligated hemin derivative by surfactant micelles. In contrast, in the ICSH method, the integrity of the Hb molecular structure is maintained and oxidation of heme iron and subsequent ligation by cyanide occurs within the intact Hb structure. Mechanistic aspects of both H* 1 Hb methods will be published elsewhere. 7 In addition, the +CN and -CN methods were tested for the effects of turbidity with some abnormal blood samples, including the following: sickle cell anemia, multiple myeloma, hyperlipemia, and hyperleukocytosis. With the exception of sickle cell anemia, samples drawn from patients with these other pathologic conditions previously have been reported to cause errors in Hb, in both automated systems and the manual reference method.
Materials and Methods
Whole blood samples for correlation studies (N = 100) were obtained from Westchester County Medical Center and were not older than 24 hours at the time of assay. These samples were not labeled with respect to pathologic characteristics. Abnormal samples used for the turbidity study were obtained from Sloan Kettering Memorial Hospital, New York City, and included the following: hyperleukocytosis (five), sickle cell anemia (two), and multiple myeloma (two). In addition, two blood samples were obtained from patients who were receiving Intralipid® (IL) intravenously. However, at the time of assay, the triglyceride levels in these samples were normal. Consequently, the possible effect of IL on the H* 1 Hb methods was investigated on a normal blood sample that was spiked with IL. A blood sample with naturally occurring hypertriglyceridemia was drawn from a volunteer. One sample containing an elevated white blood cell (WBC) count (with units of 10 9 /L [10 3 /ML] of blood*) was prepared by manipulation of a normal blood that was drawn from a volunteer. Ten percent (w/v) IL Fat Emulsion® was obtained from Baxter-Travenol. ICSH reference Hb reagent was prepared on a monthly basis according to van Assendelft 19 and stored at 25 °C in amber screw-top bottles. H* 1 +CN Hb reagent contained the following: KCN, 20 mmol/L; lauryldimethylamine N-oxide (LO), 20 g/L in 50 mmol/ L sodium borate, pH adjusted to 11.3 at 25 °C with NaOH. H*l -C N Hb reagent contained LO, 35 g/L in 0.5 mol/L NaOH. Both H*l reagents were stored in translucent high-density polyethylene screw-top bottles. LO was obtained as a 30% (w/v) solution in water from the Onyx Chemical Company. The carbon chain distribution of LO was determined by gas chromatography and reported elsewhere. 7 All inorganic chemicals used for the preparation of reagents were reagent grade, and distilleddeionized water was used throughout. Multilevel control material was obtained from Technicon.
Blood samples were assayed for Hb on the H* 1 with +CN and -CN reagents and analyzed on a Coulter S+II or by the ICSH manual reference method with the use of a Perkin-Elmer Lambda 3B® double-beam spectrophotometer and 1-cm quartz cuvettes. For ICSH reaction mixtures with A 750 > 0.002 and A540/A504 < 1.59, clarification was achieved by filtration through 0.2-ixm Gelman Acrodisc syringe filters. The difference in measured Hb resulting from turbidity, before and after filtration, is defined as A TB. For the +CN method, the H* 1 was equipped with a 546 ± 6 nm bandpass interference filter. For the -C N method, the H*l was fitted with a 570 ± 6 nm interference filter. Linearity was determined on a set of dilutions for which the fraction of red blood cells was varied as follows: 1.0, 0.80, 0.60, 0.40, and 0.20, which was generated with autologous plasma, from a single manipulated whole blood sample from which the buffy coat had been removed. These dilutions were assayed on the H*l, and the results were subjected to least-squares regression analysis. Washed blood cells were obtained by centrifugation at 25 °C of whole blood at 2,000 rpm (ca 620xg) for 15 minutes on a Sorvall R-3® Centrifuge equipped with an HG4L® horizontal bucket rotor, followed by replacement of the plasma with one volume of 9.0 g/L NaCl. The cells were suspended in physiologic saline, then spun down as before; this treatment was repeated three times. Ten percent IL was spiked into blood as follows. The hematocrit (Hct) was determined. Two tubes of blood containing 10.00 g of blood (ca 10.0 mL) were spun down at 2,000 rpm for 15 minutes. Ten percent and 20%, respectively, of the plasma was removed from the tubes and replaced with equal volumes of IL. This procedure allowed for the introduction of 11.29 and 22.58 mmol/L (1,000 and 2,000 mg/dL) of IL triglycerides (equivalent to triolein) into the blood while maintaining the original Hct to yield samples 5b and 5c, respectively. An untreated tube of blood from the same donor was labeled 5a. Serum triglycerides and cholesterol were determined on the Technicon CHEM 1 ™. Microscopic examination confirmed sickling in sickle cell blood samples.
Both H*l Hb methods were evaluated for carryover on the H* 1 by aspiration of a "High" sample, containing 200 g/L (20 g/dL) of Hb, followed by three consecutive aspirations of red blood cell-free sample (autologous plasma) designated Low,, Low 2 , and Low 3 , respectively. Both within-run precision (data collected on one instrument on one day) and total precision (data collected on the instrument over five successive days) were evaluated for the +CN and -CN methods on the H* 1. Commercial control products at three levels (high, normal, and low Hb) were assayed. For total precision, each control sample was aspirated eight times. For within-run precision, each control sample was aspirated 20 times.
A heating step was used to eliminate turbidity caused by Intralipid in the manual cyanide-free Hb assay. Absorption spectra (see Fig. 3 ) of mixtures prepared by diluting 20 nL of a blood sample with 4.5 mL of H*l -CN Hb reagent; " b " and "c" refer to mixtures prepared with samples 5b and 5c, respectively, and were scanned after incubation at 25 °C for 5 minutes. 5b and 5c contained, respectively, IL triglycerides at 11.29 and 22.58 mmol/L (1,000 and 2,000 mg/dL) of plasma; "a" represents the spectrum obtained with the control sample (5a, no IL) diluted with -CN reagent, after incubation at 25 °C for 5 minutes, and "a" was also obtained for 5b and 5c, after dilution with -CN reagent and incubation at 100 °C for 5 minutes followed by cooling to 25 °C.
Results

Linearity
This was tested with the analytic samples prepared by diluting a red blood cell stock, from which buffy coat had been removed, as described in "Materials and Methods." Figure 1 summarizes the performance of the H* 1 +CN and -CN Hb methods. Linear results were obtained over a range of 0-250 g/L (25 g/dL). Less than 1% deviation was noted at the high end of the range for both methods.
Carryover
Carryover was estimated by the procedure described in "Materials and Methods." Both H*l Hb methods had less than 0.5% carryover, which is clinically insignificant.
Precision
Both within-run and total precision were evaluated as described under "Materials and Methods." The two H* 1 Hb methods compare favorably to one another with respect to both precision parameters (see Table 1 ).
Correlations
Several correlations were determined in order to evaluate the performance of the H* 1 Hb methods with respect to other methods. All correlations used 100 hospital blood samples with an Hb range of 50-180 g/L (5.0-18 g/dL). Both methods are compared with the ICSH Reference Method in Figure 2 . In both cases, the automatic methods compare favorably to the Reference Method.
The H* 1 methods were also compared with the Coulter S+II and each other (see Table 2 ). In all cases, the correlations were similar to those in Figure 2 .
Abnormal Samples
Sickle Cell Anemia. Two sickle cell blood samples were tested (see la and lb in Table 3 ). By the ICSH Reference Method, they gave A TB of 4 and 7 g/L (0.4-0.7 g/dL), respectively. Both H* 1 methods were not significantly different (A < 4 g/L [0.4 g/dL])f from the ICSH postfiltration results. Both samples were examined microscopically and were found to contain large numbers of sickle cells. These sickle cells dissolved as readily as normal cells and did not cause an error in either H* 1 Hb method.
Multiple Myeloma. Two blood samples were obtained from patients with multiple myeloma (see 2a and 2b in Table 3 ). By the ICSH method, they gave *TB of 20 and 9 g/L (2.0 and 0.9 g/dL), respectively. Neither H* 1 method was significantly different from the ICSH postfiltration result. Consequently, the abnormal globulin in these samples did not cause an error in either H*l Hb assay.
Hyperlipemia. This was investigated with a sample in which the plasma contained 18.1 mmol/L (1,600 mg/dL) in triglycerides and 5.95 mmol/L (230 mg/dL) in cholesterol and had a milky appearance. One tube of this blood, 4a, was untreated and yielded d TB of 5 g/L (0.5 g/dL) by the ICSH method (see Table 3 ). Repeated filtration of the ICSH reaction mixture through a 0.2 /xm filter did not reduce turbidity sufficiently to satisfy the requirements of the ICSH method, that A 750 < 0.002 and A540/A504 = 1.59-1.63.' 9 Therefore, another tube of this sample, 4b, was treated to wash the red blood cells and reconstitute them in physiologic saline. For this sample, the ICSH filtrate was shown to be free of turbidity. Consequently, the overall A TB for 4a, compared with 4b, was 8 g/L (0.8 g/dL). In contrast, 4a run on H*l with the +CN and -CN Hb methods yielded results that were not significantly different from the washed, reconstituted sample. Therefore, 4a, with severely elevated naturally occurring triglyceride, did not cause an error in either H*l Hb method.
As an additional "test" of the possible effects of turbidity resulting from lipid particles, a normal blood sample was spiked with IL, as described in "Materials and Methods." Three tubes of blood were obtained from a normal donor. The plasma contained 1.15 mmol/L (102 mg/dL) of triglycerides and 4.86 mmol/L (188 mg/dL) of cholesterol. One tube was set aside as the control, 5a. The other tubes were manipulated to contain 11.29 and 22.58 mmol/L (1,000 and 2,000 mg/dL) of IL triglycerides in the plasma and to maintain the original Hct. The total triglyceride concentrations for these tubes were 12.31 (5b) and 23.48 (5c) mmol/L (1,090 and 2,080 mg/dL), respectively. All correlations were with 100 hospital blood specimens over an Hb range of 50-180 g/L (5-18 g/dL). Root mean square residual is a measure of the scatter of the data about the regression line. 
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With the control sample (5a), the ICSH filtrate was not significantly different from both H* 1 Hb results. Addition of IL, however, produced large errors in Hb resulting from turbidity for both H*l methods as well as the ICSH method. For 5b, A TB, compared with 5a, was 26 and 34 g/L (2.6 and 3.4 g/dL), respectively, for the +CN and -C N methods. For 5c, A TB was 48 and 59 g/L (4.8 and 5.9 g/dL), respectively, for the +CN and -C N methods. For the ICSH method, A TB for 5b and 5c was 39 and 66 g/L (3.9 and 6.6 g/dL), respectively. Multiple filtration of the ICSH reaction mixture through a 0.2-fim filter did not reduce turbidity sufficiently to satisfy the requirements of the method.
Further Treatment of the Manual -CN Hb Preparation to Eliminate Turbidity Caused by IL.
Sample 5a is the untreated control for 5b and 5c, which each contained substantial concentrations of IL triglycerides at the original Hct of 5a. The H* 1 Hb assays of 5b and 5c showed very large apparent elevations in Hb resulting from turbidity. In this experiment, 20 fiL of 5b and 5c were diluted with 4.5 mL of -CN reagent, and the mixtures were placed in a boiling water bath for 5 minutes. The expectation was that if turbidity resulted from triglycerides (which are esters), then treatment with hot -CN reagent, which is highly alkaline, (0.5 mol/L NaOH plus dimethyldodecylamine N-oxide), should cause substantial hydrolysis of the triglycerides to water-soluble products (Na soaps and glycerol) with concomitant decrease in turbidity. Sample 5a was diluted with -C N reagent, and the spectrum was scanned after 5 minutes at 25 °C as a control.
The spectra of 5b and 5c were also scanned after 5 minutes at 25 °C. As expected, these spectra were elevated from baseline because of turbidity. In contrast, after heat treatment and cooling to 25 °C, 5b and 5c yielded spectra that were superimposable with 5a at 25 °C (see Fig. 3 ). This method is linear from 50 to 180 g/L (5.0-18 g/dL).
This experiment demonstrates that severe turbidity associated with the presence of triglycerides can be totally eliminated with the manual -CN assay by a short heating step.
Hyperleukocytosis. Two types of samples were tested; 3a, 3b, and 3e contained WBCs of 36, 19.5, and 26 X 10 9 /L, respectively, which will be referred to as "moderately high WBC counts." In contrast, 3c, 3d, and 3f had WBC counts of 200, 164, and 96 X 10 9 /L, which will be referred to as "very high WBC counts." With respect to moderately high WBC counts, the +CN Hb method performed satisfactorily, with coefficients of variation (CVs) of about 1.0% and Hb mean values that were not significantly different from the ICSH method, after filtration (see Table 3 ). For 3a, 3b, and 3e, A TB were 12, 7, and 10 g/L-(1.2, 0.7, and 1.0 g/dL), respectively. The -C N method yielded CVs of 2.1%, 1.0%, and 2.3%, however, For the samples with very high WBC counts, the +CN method had precision problems, with CVs of 1.9%, 4.0%, and 6.0%, respectively. Sample 3c yielded an Hb mean that was significantly different from that of the Reference Method after filtration.
The -C N method fared worse, with very high WBC samples giving CVs of 20%, 7.8%, and 23% for 3c, 3d, and 3f, respectively. The Hb means were significantly different from the ICSH values for these samples.
Cause of Error in the H*l Cyanide-Free Hb Assay of Samples with Very High WBC Counts.
With the ICSH reagent, 3f did not produce significant turbidity as judged by visual inspection immediately after mixing or about 10 minutes after mixing, when A 750 was determined spectrophotometrically. Similarly, 3f did not yield turbidity by visual inspection when combined with the H* 1 +CN reagent. Further, when 3f was combined with the -CN reagent, the resulting mixture was not turbid. However, a freshly prepared mixture of sample and reagent (manual mixing) had the consistency of syrupy gel in which many bubbles were trapped. The viscosity and bubble trapping decreased substantially 10 minutes later. Many bubbles were observed to be present in the H* 1 Hb reaction cuvette when the -CN assay was conducted (i.e., within 30 seconds) with 3f. In contrast, during the assay of 3f with +CN reagent, only a few bubbles could be observed in the H* 1 Hb reaction cuvette.
Thus, the cause of interference with very high WBC count samples in the H*l -CN method is probably the trapping of excessive numbers of bubbles in an initially very viscous mixture during mixing. For the +CN method, many fewer bubbles were observed during mixing, but it is not clear whether these cause the precision problems that were described in this case.
Discussion
Linearity, precision, and carryover were found to be satisfactory. Both H*l Hb methods gave excellent correlation to both the ICSH Reference Method and the Coulter S+II. In all cases, r was greater than 0.990. The results in Table 1 suggest that the cyanide-containing and cyanide-free H* 1 Hb methods are interchangeable. The conversion time to a stable, measurable product is 3 seconds for the +CN method and less than 15 seconds for the -C N method. 7 Hence, it-is possible to determine Hb in a whole blood in automated system in less than 30 seconds with both of these methods.
Abnormal Samples
The following types of abnormal blood samples were assayed by both H* 1 Hb methods and the ICSH Reference method: sickle cell anemia, multiple myeloma, hyperlipemia, and hyperleukocytosis. Both sickle cell blood samples caused turbidity error in the Reference Method, which was eliminated by filtration. In contrast, these samples did not produce turbidity errors with either H*l method. The proposed molecular mechanisms of the H*l and ICSH methods are compared in Figure 4 . Note that both H* 1 methods rapidly disrupt the structure of Hb to release the hemes from their complex with globin. In both H* 1 Hb methods, the chromogen products are micellized heme derivatives. 715 In the ICSH method, however, Hb structure is not significantly disrupted. Cyanmethemoglobin (HiCN) is a well-described molecular entity. 7 ' 619 With respect to sickle cell blood, it may not be surprising that the ICSH method was affected by turbidity interference because it is known that HbS is gelled or polymerized within visibly sickled cells. 4 Two multiple myeloma blood samples were analyzed by both H* 1 methods, and no turbidity errors were produced in either case. In contrast, large turbidity errors were found in the ICSH assays. Multiple myeloma, which is associated with unusually high concentrations of immunoglobulins, 12 has been documented as a cause of turbidity in the ICSH method. 8 For myeloma samples, the relative resistance to generation of turbidity of the H* 1 methods can be attributed to the rapid action of alkaline pH and high concentration of zwitterionic surfactant, which combine to keep the myeloma protein in solution. 7 Hyperlipemic blood samples containing chylomicrons, the largest of the naturally occurring lipoprotein complexes, have been reported to cause turbidity errors in Coulter S Hb assays. It was also found that very low density lipoprotein complexes, which are smaller than chylomicrons, did not cause significant turbidity interference in Coulter S Hb measurements. 5 It is noted that the lipoprotein content of sample 4a was not determined.
In this study, IL spiked into whole blood produced triglyceride concentrations of 12.31 and 23.48 mmol/L (1,090 and 2,080 mg/dL). These spiked samples caused large turbidity errors in both H* 1 methods and ,tbe ICSH method. IL, given intravenously to certain patients for therapeutic purposes, caused errors of 18-35 g/L (1.8-3.5 g/dL) in Hb determined on the Coulter S. 9 A modified manual HiCN method was developed that clears turbidity resulting from triglycerides (IL or endogenous) by the action of lipase, a component of the reagent. This method permits readout for HiCN at 540 nm after an incubation of 5 minutes at 37 °C. The reagent is stable for at least six weeks when stored in the refrigerator and protected from light, 14 Alternatively, it is possible to completely eliminate IL-induced turbidity by heating with alkali, for example, the H*l -CN reaction mixture, for 5 minutes at 100 °C. The Hb concentration can then be determined manually. In this instance, it is probable that the alkaline solution causes chemical hydrolysis of triglycerides to yield the water-soluble products (glycerol and Na soaps), which do not scatter light significantly.
Hyperleukocytosis has been cited as a cause of turbidity interference in ICSH Hb assays 8 and in Coulter S Hb assays. 13 The latter authors reported an error of 8 g/L in Hb for a WBC count of 50. High WBC counts have also been reported as interferents in Hb determinations on the Coulter S+IV® 3 and the Toa-E5000®."
Samples with moderately high WBC counts (20-36 X 10 9 /L) yielded satisfactorily precise results with the +CN method. With the -C N method, these samples causes a small increase in imprecision (CV = 2%). For both methods, the Hb means were not significantly different from the ICSH ppstfiltration results. Very high WBC samples (96-200 X 10 9 /L) produced imprecisions of 2-6% in the +CN method and acceptable Hb recovery in two of three samples. (Note that for samples with WBC counts greater than 95 X 10 9 /L, Technicon Instruments Corporation specifies dilution of the sample.
18 ) The -CN method had very large CVs (8-20%) and unacceptable Hb recoveries for the three samples in the set. The cause of these errors was found to be the release of some component from leukocytes that causes the reaction mixture to develop a transient syrupy gel-like consistency that traps many bubbles during mixing. The cellular component that is responsible for this behavior may be DNA, because high molecular weight DNA is soluble in high molarity salt solution, and the sugar-phosphate diester chain of DNA is attacked by base. 6 This could account for the initial high viscosity that degrades with time in the -CN method.
HbCO, at levels up to 100% of Hb, had no effect on
